Abstract--Transmission electron microscopy/analytical electron microscopy (TEM/AEM) were utilized to study pyrite and sphalerite inclusions in chlorite or mixed-layer chlorite-corrensite from an analcimized ash bed in the Etalian stage (Middle Triassic), South Otago, New Zealand. These sulfide inclusions occur as elongated crystals up to 1 X 15 p~m in size, within lens-shaped voids between separated, deformed (001) layers of (primarily) chlorite and mixed-layer chlorite-corrensite grains of typical detrital shape or chlorite packets in chlorite-mica stacks (intergrowths of chlorite and phengite packets) up to 40 X 150 p~m in size. Relict biotite layers within chlorite, mixed-layer chlorite-corrensite and berthierine have textures implying replacement of the former by the latter, whereas in other unaltered samples only fresh biotite was observed. Anatase occurs in otherwise Ti-free chlorite, whereas relict biotite contains significant Ti (0.3 moles per 22 oxygen atoms). No sulfide minerals have been found in fresh biotite and phengite.
INTRODUCTION
Phyllosilicates within which pyrite inclusions occur along cleavage planes are commonly observed in mudrocks and shales. For example, pyrite inclusions are found between lens-shaped voids in separated (001) layers of detrital chlorite grains in shales of the Nonesuch Formation in the vicinity of the White Pine Copper Mine, Michigan (Li et al. 1995) , Devonian shales of the Michigan Basin (Hover et al. 1996) , chlorite or chlorite-mica stacks in very low-grade metamorphosed pelitic rocks of the Gasp6 Peninsula, Quebec (Jiang and Peacor 1994a) , prehnite-pumpellyite facies rocks of South Otago, New Zealand (Li 1996) , and Fe-rich phyllosilicates in unconsolidated sediments (Canfield et al. 1992) . Veblen (1988, 1993) examined native Cu inclusions in altered biotite. On the basis of extensive electron microscopic studies of both natural samples and experimental products, they concluded that inclusions of native Cu precipitated in hydrobiotite during weathering of biotite, and that oxidation of Fe(II) in biotite served to reduce Cu in solution to form Cu metal. Veblen (1988, 1993) observed disct Contribution Number 507 from the Mineralogical Laboratory, Department of Geological Sciences, The University of Michigan.
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shaped native Cu inclusions in altered biotite that was restricted to oxidized ore of Cu porphyry deposits. The Cu single crystals, ranging from 2 to 100 nm wide and up to about 1 p~m in diameter, were restricted to lenslike openings between separated layers of "hydrobiotite" and partially vermiculitized biotite that had replaced primary biotite layers. Similar textures and mineralogical relations were produced by experiments in which biotite reacted with Cu sulfate solutions by IRon et al. (1992) . Based on those relations and mass balance considerations, they concluded that Cu was introduced into the interlayers of biotite during alteration of biotite to "hydrobiotite", and that the Cu(0) was precipitated by reduction from Cu(II) during a coupled oxidation reaction of Fe(II) to Fe(II1) in biotite. As the textures of pyrite in detrital chlorite of pelites are so similar to Cu inclusions in biotite of porphyry Cu deposits, we suspected that they may have had a common origin. More recently, however, Ahn et al. (1997) observed native Cu inclusions in illite, altered to an expandable clay, but in an environment with a paucity of Fe. This calls into question the direct relation between Cu and oxidation of Fe in trioctahedral phyllosilicates.
Clay minerals in zeolite-facies rocks in analcimized ash beds at Kaka Point, South Otago, New Zealand, from the type area for the zeolite facies (Coombs 1965) were investigated with scanning electron microscopy (SEM), TEM and AEM. Sulfide inclusions 650
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Clays and Clay Minerals (pyrite and sphalerite) were observed between separated layers of chlorite which appear to be formed by replacement of biotite. Those materials represent an ideal opportunity to study the nature and origin of sulfide inclusions in phyllosilicates and the relation among sulfides, biotite and chlorite, especially because they reflect the earliest stages of diagenesis. The process of alteration is incomplete and therefore can be directly characterized because remnants of biotite are preserved throughout the rock.
GEOLOGY AND SAMPLE DESCRIPTION
Near Kaka Point on the southeast coast of Otago, New Zealand, is a Middle Triassic marine sequence of siltstones and subordinate volcanogenic sandstones that is more than 1.5 km thick. The section contains over 300 thin, interbedded ash beds (Coombs et al. 1959; Coombs and Cox 1991) . These beds range from a few mm to a few dm in thickness; sedimentary structures indicate that they have been reworked. Three main types of ash beds can be distinguished. One type is bentonitic, commonly containing crystal clasts near the base and relict heulanditized glass shards. A second type of tuff alteration is represented on the promontory of Kaka Point by thicker crystal vitric tufts. The third type consists of cherty or porcellaneous rocks in which glass shards are replaced by analcime associated with fine-grained quartz and phyllosilicates. Smectite-and heulandite-rich ash beds may pass laterally into analcimized tufts. Boles (1971) and Boles and Coombs (1975) concluded that an analcime assemblage replaced a heulandite precursor via low-temperature fluids with high Na+/H + ratios. Ahn et al. (1988) inferred that temperature did not exceed 100 ~ in the Kaka Point block. The sample studied (D13.2/OU 52330) represents the third type of tuff alteration described above. It was collected from an analcimized ash bed of the Bates Siltstone, Etalian Stage, Middle Triassic, on the south side of the Kaka Point promontory. It is a finely bedded crystal vitric tuff with well-preserved vitroclastic texture and grain sizes of approximately 0.1 mm. Bulk XRD data indicate that major minerals are analcime, quartz, plagioclase, chlorite, illite and pyrite.
ANALYTICAL METHODS
X-ray diffraction (XRD) data were obtained for the powdered bulk rock sample, using a Philips automated diffractometer with a graphite monochromator and CuKct radiation (35 kV and 15 mA) to define the principal minerals using quartz as an internal standard. Polished thin sections were prepared with the surface approximately normal to bedding so that the optimal orientation could be obtained for optical and SEM observations of textural relations, and so that the (001) planes of phyllosilicates would be preferentially oriented parallel to the beam for TEM observations. The SEM observations were made to identify areas of interest using back-scattered electron (BSE) imaging and X-ray energy dispersive spectral (EDS) analysis with a Hitachi S-570 scanning electron microscope. Selected areas of thin sections were removed, ion-thinned and carbon-coated for TEM observations using a Philips CM12 instrument fitted with a Kevex Quantum solid-state detector. Data were obtained as described by Jiang and Peacor (1994a) .
EXPERIMENTAL RESULTS

SEM Observations
SEM images showed that the sample consists of relatively large grains (up to 40 x 150 txm) of various minerals with angular shapes typical of a detrital origin, embedded in a matrix of fine-grained anthigenic quartz, chlorite and illite. Pyrite framboids up to 20 ixm in diameter were observed in the fine-grained matrix ( Figure la) . The detrital minerals were identified as plagioclase, quartz and phyllosilicates such as white mica, chlorite and altered biotite. Chlorite and white mica occur as chlorite-mica stacks (parallel, alternating packets of chlorite and white mica).
Elongated sulfide grains up to 1 X 15 txm occur within partially altered biotite and chlorite of typical detrital shape, Pyrite is the commonly observed sulfide, but sphalerite was observed for the first time in this setting (Figure lb). Sulfides occupy cleavage openings only in the chlorite component of chloritemica stacks (Figure lc) . Likewise, where separate chlorite and white mica packets are intergrown sulfide inclusions were observed in chlorite partings but not in white mica (Figure ld) . No framboidal pyrite was observed as inclusions in phyllosilicates. The pyrite was ubiquitous in all material that was examined, implying that it occurs commonly in the volcanic rocks of the geologic section that was sampled.
TEM and AEM Observations
TEM images show that sulfide minerals primarily occur as elongated submicroscopic inclusions in (001) openings of detrital trioctahedral phyllosilicates at all scales. Inclusions are 2 to 1000 nm wide and up to 15 p~m long, with their longest dimension being approximately parallel to the deformed layers of enclosing phyllosilicates. The phyllosilicates which enclose inclusions may be chlorite, corrensite, or mixed-layered equivalents of these trioctahedral minerals, as characterized by lattice-fringe images, selected area electron diffraction (SAED) patterns and AEM analyses. For example, the inset electron diffraction pattern in Figure 2 shows that the enclosing phyllosilicate is chlorite with 14-,~ periodicity. Chlorite consists of aggregates of parallel to subparallel, thick packets, and commonly exhibits strain features only in areas surrounding the sulfide inclusions; e.g., lattice fringes are locally fled as Fe sulfide ( F e S 2 ) , and the SAED pattern indicated that it is pyrite. Pyrrhotite was also detected by AEM analysis of some iron sulfide inclusions in altered biotite.
Figure 3 corresponds to part of a partially altered biotite grain that exhibits many randomly distributed linear features of different contrast parallel to (001). The inset SAED pattern shows slightly diffuse mica reflections which appear to be elongated in the r direction, implying the presence of hybrid layers in the biotite-dominant region. Figure 3 also shows an elongated sulfide inclusion in partially altered biotite, and here the inclusion is identified as ZnS with about 7 mol% FeS by its EDS spectrum. The enclosing partially altered biotite also displays deformation features similar to those of chlorite shown in Figure 2 . Figure 4 is a TEM lattice-fringe image of partially altered biotite. Layers of relict biotite with 10-A periodicity in some areas are deformed and split apart. However, no sulfide inclusions occur within the relict biotite. One-, 2-and 3-layer polytypes were all observed in relict biotite. AEM analyses show that it has significant Ti, about 0.3 moles of Ti per formula unit (pfu) ( ca. 6% calculated Fe(III), and Na/(Na + K) of 0.05. In contrast, AEM analyses of altered biotite show less K (0.68 pfu) and Ti (0.12 pfu), more oxidized Fe (36% Fe(III)) and more Na (Table 1 , analysis 2). On the right side of Figure 4 are packets of layers with 7-A periodicity intergrown with 14-/k layers. The inset electron diffraction pattern, obtained where packets of 7-,~ layers are intergrown with 14-,~ layers, displays separate strong 7-,~ and weak 14-,~ reflections. The AEM analyses of such 7-,~ layers indicate that they are Fe-rich berthierine, with an average Mg # of 15 (Table 1 , analyses 5, 6).
Complex intergrowths of phyllosilicates are associated with biotite in partially altered grains; for example, 10-,~ layers are interstratified with 14-,~ layers (middle of Figure 4 ). The fringes with 14-A spacing correspond to chlorite, whereas the individual 10-A spacings correspond to (001) layers of smectite that were dehydrated and collapsed in the TEM vacuum. The layers are collectively described as mixed-layer chlorite-smectite, consistent with the Ca, Na and K contents as indicated by AEM analyses. In some lattice-fringe images, such chlorite and smectite layers are observed to be interstratified on an ordered basis, constituting corrensite. Such mixed-layered c h l o r i t esmectite and corrensite are c o m m o n alteration products of biotite and other f e r r o m a g n e s i a n silicates (Shau et al. 1990; Jiang and Peacor 1994b) .
In other lattice-fringe images, packets of r e m n a n t biotite are s a n d w i c h e d b e t w e e n layers of berthierine a Figure 5 ). These m i x e d -l a y e r phyllosilicates in turn are closely associated with chlorite (bott o m of Figure 5 ) and packets of white m i c a (top of Figure 5 ). T h e lattice fringes of such 10-A phyllosilicates are relatively straight c o m p a r e d with those of smectite; A E M analyses show that they are phengite with ca. 6.50 Si pfu, and all Fe calculated to be Fe(III) ( Table 1 , analyses 9, 10). Phengite packets are located in lenticular fissures of trioctahedral phyllosilicates such as berthierine or chlorite but not unaltered biotite. This relationship implies that phengite filled lenticular voids created by separation of (001) layers of biotite or its alteration product during early diagenesis (Li et al. 1994; Jiang and Peacor 1994a) . N o sulfide inclusions were found in phengite. Figure 6 is a T E M lattice-fringe i m a g e of largely altered biotite with c o m p l e x intergrowths of 14-and 10-,~ layer trioctahedral phyllosilicates. Areas with 1: 1-ordered 14-,~ (chlorite) and 10-A (collapsed smectite) layers form 24-,~ corrensite layers, and others comprise chlorite and mixed-layered chlorite--corrensite. Such lattice-fringe images display n u m e r o u s split layers and layer terminations, similar to the observations of Jiang and Peacor (1994b) on corrensite and mixed-layered chlorite--corrensite in pelites from the t Normalization is based on 14, 12, and 17 cations on IV and VI sites for biotite, phengite, and corrensite, respectively, and 20 total cations for bertherine and chlorite. Gasp6 Peninsula, Quebec. The AEM analyses of corrensite (Table 1 , analyses 3 and 4) show higher Na, Ca and Mg # than biotite. With an average Mg # of 44, the chlorite is even more magnesian (analyses 7, 8) . No Ti was detected in areas consisting of pure chlorite or berthierine. Small grains of anatase (up to 1 I~m long) were found within and surrounding detrital chlorite, similar to those observed within detrital chlorite from very low-grade metamorphosed pelitic rocks (Jiang and Peacor 1994b) . The textures described above may be summarized as follows. Sulfide inclusions typically lie along, or close to, lens-shaped voids in separated (001) layers of the trioctahedral phyllosilicates corrensite, chlorite and mixed-layered chlorite-corrensite. Enclosing phyllosilicate layers are deformed and display strain contrast in accord with the shapes of sulfide inclusions, the inclusions being elongated parallel to layers, presumably in response to anisotropic stress during precipitation. The phyllosilicates formed by direct replacement of biotite layers, in part as evidenced by intergrowths with relict biotite layers. Anatase is observed within and surrounding chlorite packets, but not in biotite, which contains substantial Ti that is in- Figure 6 . TEM lattice-fringe image showing complex interlayering of 14-and 10-A layers, but with local 1:1 ordering constituting 24-A corrensite layers, and mixed-layer corrensite--chlorite. Chl = chlorite, Cor = corrensite. ferred to have been the source of Ti for the authigenic oxides. Phengite occurs in stacks as separate packets alternating with packets of trioctahedral phases, apparently having formed by infilling of wedge-shaped separations between trioctahedral layers, but no sulfides occur within it.
DISCUSSION
The TEM and A E M observations collectively indicate that chlorite grains with detrital characteristics and chlorite-mica stacks are authigenic products of detrital igneous biotite. Jiang and Peacor (1994a) concluded that corrensite and complex mixed-layered phases formed as an intermediate step in replacement of biotite by chlorite, with growth of illite or phengite to form stacks. Although no relict biotite was observed in shales from the White Pine Mine in Michigan, corrensite, mixed-layer chlorite-corrensite and anatase were observed in chlorite grains with detrital characteristics, apparently as relicts of a more advanced alteration process (Li et al. 1994) . Biotite thus appears to be readily replaced during early diagenesis, first by complex assemblages of saponite-corrensite-chloriteberthierine layers, and then by chlorite, or with the addition of packets of dioctahedral micas to form stacks. Much chlorite with a detrital appearance or chlorite-mica stacks occurring in anchizonal or epizonal rocks may have such an origin.
The sulfide inclusions are restricted to altered biotite and secondary chlorite and corrensite, and thus are not inherited from parent biotite. The occurrence of sulfides in the secondary phyllosilicates suggests that they are closely related to the alteration of biotite and must have formed during or after replacement of biotite by secondary phyllosilicates. Mass balance considerations indicate that breakdown of biotite can provide enough Fe for the formation of pyrite inclusions in secondary phyllosilicates, although the possible introduction of some external Fe is not ruled out. The source of Zn for sphalerite and of S for both pyrite and sphalerite must have been via fluids, and pyrite and sphalerite may have formed during penetration of fluids along layers during the alteration of biotite to corrensite and chlorite. Whether S was introduced as sulfate or sulfide species is unclear. Oxidation of Fe(II) to Fe(III) in biotite concomitant with reduction of sulfate to form pyrite is analogous to the reduction of Cu ions to metallic Cu, as in the following schematic reaction:
25042-+ 15Fe(II) (in biotite) + 16H + = FeS2 + + 14Fe(III) (in hydrobiotite) + 8H20
[1]
To test whether Fe(III) in "hydrobiotite" is sufficient to account for the observed pyrite, the approximate amounts of pyrite and the compositions and amounts of secondary phyllosilicates were compared. Based on scanning transmission electron microscopy (STEM) observations, the volume ratios of pyrite to "hydrobiotite" (altered biotite) are equivalent to molar ratios of ca. 3/8 (Table 2 ). However, reduction of 2 moles of sulfate to form 1 mole of pyrite requires 14 moles of Fe(II) oxidized to Fe(III) in "hydrobiotite" in reaction [1] . Although the calculation is approximate due to uncertainties in the formula and density of "hydrobiotite", the observed amount of pyrite is greatly in excess of that which might be compensated by complete oxidation of Fe(II) to Fe(III) during biotite alteration.
The exact reaction for formation of altered biotite will depend on the mechanism of substitution of Fe(III) in its structure. The most likely explanation for the reduced K content and increased Fe(III) contents of the altered biotite ("hydrobiotite") is substitution of Fe(III) with a vacancy as K. According to this reaction, formation of "hydrobiotite" from biotite is controlled simply by aK+/aH + (pH -pK) and need not involve concomitant release of Fe to form pyrite. If this reaction is applicable, all the Fe and S for pyrite along with the Zn and S for sphalerite in "hydrobiotite" could therefore be introduced in solution. The greatly increased amount of Fe(III) estimated for altered compared to fresh biotite (Table 1 , analysis 2 vs. 1) provides support for this reaction.
On the other hand, the amount of pyrite in chlorite and corrensite domains suggests that it was produced during formation of more magnesian chlorite and corrensite from ferroan biotite. Precipitation of pyrite with magnesian chlorite for different forms of introduced S during alteration of biotite may be expressed as the following: The biotite and chlorite compositions have been idealized from the AEM data ( (Table 2 ). This calculation is reasonably accurate, and the same composition for chlorite was used as that in Equations [3] through [6] . It suggests that a third of the Fe is removed during alteration of biotite to chlorite. Thus, more pyrite should be produced than is actually observed in the chlorite replacement domains. The more ferroan nature of berthierine requires introduction of Fe for concomitant formation of pyrite (Table 1) , and some of the Fe removed from chlorite sites may be used in forming the more Fe-rich berthierine. The process of forming pyrite in chlorite is thus very different than that proposed by Ilton and Veblen for Cu. Their reaction concerned reduction of Cu(II) to Cu(0) through oxidation of Fe(II) to Fe(III), but without removal of any Fe from the structure, or addition of external S. The apparent similarities in textures are thus in part fortuitous. The collective relations demonstrate that the reactions occur preferentially along phyllosilicate layers under open system conditions, such that reactants are added and products lost to the surrounding fluids. Such direct layer-bylayer replacement is common among phyllosilicates. Ahn and Peacor (1987) showed that replacement of biotite by kaolinite occurred via an interface that advanced along layers, with dissolution of biotite on one side and crystallization of kaolinite on the other. The linear tunnel-like interface between reactant biotite and product kaolinite was inferred to have served as a conduit for mass transport. We therefore tentatively suggest that along-layer reaction interfaces may likewise have served as loci for diffusion during formation of pyrite. Once pyrite or sphalerite nucleated in interlayers, the resulting lens-shaped interlayer separations could have served as diffusion pathways, with resultant growth of sulfides and production of local strain in secondary phyllosilicates. Similar textures occurring in shales may have a related origin, suggesting that sulfidation of Fe during alteration of biotite to chlorite is a widespread process producing pyrite inclusions in diagenetic and low-grade chlorite.
